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Abstract Suppressors and enhancers of position effect
variegation (PEV) have been linked to the establishment
and maintenance of heterochromatin. The presence of
centromeres and other inheritance elements in hetero-
chromatic regions suggests that suppressors and en-
hancers of PEV, Su(var) s and E(var)s [collectively
termed Mod(var)s], may be required for chromosome
inheritance. In order to test this hypothesis, we screened
59 ethyl methanesulfonate-generated Drosophila Mod
(var)s for dominant effects on the partially compromised
inheritance of a minichromosome (J2/A) missing a
portion of the genetically defined centromere. Nearly
half of these Mod(var)s significantly increased or de-
creased the transmission of J2/A. Analyses of homozy-
gous mutant larval neuroblasts suggest that these muta-
tions affect cell cycle progression and native chromosome
morphology. Five out of six complementation groups
tested displayed mitotic abnormalities, including pheno-
types such as telomere fusions, overcondensed chromo-
somes, and low mitotic index. We conclude that Mod
(var)s as a group are highly enriched for genes that
encode essential inheritance functions. We propose that a
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primary function of Mod(var)s is to promote chromosome
inheritance, and that the gene silencing phenotype asso-
ciated with PEV may be a secondary consequence of the
heterochromatic structures required to carry out these
functions.

Introduction

The ability to distribute chromosomes properly during
cell division is essential for the viability of all organisms.
At the heart of the segregation process is the centromere,
which serves as the nucleation site for the kinetochore
(for review see Sullivan et al. 2001), where microtubules
attach and help move sister chromatids or homologs to
opposite poles during mitosis and meiosis. The centro-
mere is typically embedded in heterochromatin, the
portion of the genome rich in repeated sequences and
poor in genes (for review see Hennig 1999). Heterochro-
matin is involved in other critical inheritance functions,
including meiotic pairing (Dernburg et al. 1996; Karpen
et al. 1996), sister chromatid cohesion (Bickel and Orr-
Weaver 1996; Dej and Orr-Weaver 2000; Bernard et al.
2001; Hall et al. 2003) and interactions with the NOD
kinesin-like protein (Afshar et al. 1995; Murphy and
Karpen 1995a). Dissecting the roles of heterochromatin in
centromere function and other inheritance processes will
greatly increase our understanding of the cis and trans
components of chromosome inheritance.

Significant information about heterochromatin has
come from studying the phenomenon of position effect
variegation (PEV; for review see Wallrath 1998). Position
effect variegation refers to the clonal inactivation of gene
expression that occurs when a gene is removed from its
normal chromatin context (e.g. euchromatin) and is
placed in an opposing chromatin context (e.g. hetero-
chromatin) via chromosomal rearrangement or transgene
insertion. A classic example of PEV in Drosophila is the
expression of the white eye color gene in the chromo-
somal inversion In(I)w™ (Muller 1930), in which the
euchromatic white gene is placed immediately adjacent to
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X chromosome centric heterochromatin. The proximity to
heterochromatin causes mosaic white repression, resulting
in a mottled eye color phenotype. Multiple genetic
screens for modifiers of PEV [Mod(var)s] have identified
a large number of mutations that dominantly enhance
[E(var)s] or suppress [Su(var)s] heterochromatin-mediat-
ed gene silencing (Reuter and Wolff 1981; Locke et al.
1988; Dorn et al. 1993).

In Schizosaccharomyces pombe, mutations that allevi-
ate centromere-mediated silencing also induce elevated
rates of minichromosome loss and missegregation (All-
shire et al. 1995; Grewal et al. 1998; Freeman-Cook et al.
1999). In Drosophila melanogaster, mutations in the
Su(var)2-5 locus, which encodes Heterochromatin Pro-
tein 1 (HP1), exhibit recessive mitotic defects, including
telomere fusions (Fanti et al. 1998) and chromosome
undercondensation (Kellum and Alberts 1995). Other
Mod(var) mutations — specifically Su(var)2-8, Su(var)
2—10 and Su(var)3—-6 — cause chromosome loss, under-
condensation and overcondensation, respectively (Axton
et al. 1990; Wines and Henikoff 1992; Hari et al. 2001).
Mammalian HP1 can be delocalized as a consequence of
prolonged exposure to deacetylase inhibitors or by mu-
tations in the histone H3 methyltransferase SUV39, and
this is accompanied by defects in chromosome segrega-
tion (Rea et al. 2000; Lachner et al. 2001; Taddei et al.
2001). Chromosome segregation defects associated with
mutations in the S. pombe HP1 homolog, Swi6, appear to
be caused by defects in cohesin recruitment to centro-
meric regions (Bernard et al. 2001; Nonaka et al. 2002).
In Drosophila, a recent study has demonstrated that some
Mod(var) mutations affect meiotic recombination (West-
phal and Reuter 2002). These results indicate that
Mod(var) mutations can impact chromosome inheritance
and behavior; however, no comprehensive study of the
inheritance roles of Mod(var) genes in metazoans has
been reported.

The fully functional 1.3 Mb Drosophila minichromo-
some Dp(1;f)1187 (Dp1187) has been a useful substrate
for studies of centromere structure and function and the
molecular biology of heterochromatin (Le et al. 1995;
Murphy and Karpen 1995b; Karpen et al. 1996; Sun et al.
1997, 2003). Previous studies using this minichromosome
and its radiation-induced deletion derivatives localized
the functional centromere to a 420 kb region within the
heterochromatin of Dp1187. Derivatives of Dpl187 with
deletions of the centromere region show reduced trans-
mission. The derivative J2/A is missing approximately
one-third of the genetically defined centromere, and is
transmitted to progeny half as well as intact minichro-
mosomes (Sun et al. 1997). Its intermediate level of
transmission makes it an ideal candidate to look for
dominant interactions. Indeed, known inheritance muta-
tions dominantly enhance or suppress the transmission of
J21A and other ‘sensitized’ minichromosomes (Murphy
and Karpen 1995a; Cook et al. 1997). Seventy-eight P
element-induced mutations that dominantly affect
minichromosome inheritance were isolated by screening
for increased or decreased transmission of J2/A (Dobie et

al. 2001). P element insertions were recovered in genes
previously characterized to play roles in inheritance and
many of the novel homozygous lethal mutations affected
the function of the normal Drosophila chromosome
complement, further substantiating a role for these mu-
tations in inheritance.

Here, we present evidence that suggests that a high
proportion of Mod(var)s are required for normal chromo-
some inheritance. We describe the results of a genetic
screen in which 59 Mod(var) mutations, representing 49
complementation groups, were tested for dominant effects
on the transmission of J2/A. Nearly half of the Mod(var)
mutations dominantly increased or decreased J2/A trans-
mission to progeny. Cytological analysis demonstrated
that endogenous Drosophila chromosomes display visible
mitotic chromosome defects in homozygous lethal mu-
tants. We conclude that a large percentage of modifiers of
PEV have essential, diverse roles in chromosome inher-
itance. Our findings suggest that a primary function of
heterochromatin is to promote chromosome inheritance,
and that some properties of heterochromatin, such as gene
silencing, may be the consequence of the DNA and
protein structures required to ensure proper inheritance of
chromosomes from parent to progeny.

Materials and methods
Fly stocks and crosses

J21A is the result of a terminal deletion that removed approxi-

mately one-third of the genetically defined centromere and the rest
of the flanking heterochromatin from an inversion derivative
(Dp238) of Dp(1,/)1187. 1t is 580 kb in size. J21A and modifiers of
terminal deficiency associated PEV [Mod( TDA-PEV)] are de-
scribed in more detail elsewhere (Murphy and Karpen 1995b;
Donaldson et al. 2002). Previously identified Su(var)s (Reuter and
Wolff 1981; Sinclair et al. 1992; Eissenberg et al. 1992) were
obtained from B. Wakimoto, G. Reuter, and J. Eissenberg.
Balancer-GFP (green fluorescent protein) stocks came from the
Bloomington Stock Center. All mutations were crossed into a
standard y’; ry°% background prior to use.

J21A monosome transmission assay

J2IA is a Dp1187 minichromosome deletion derivative marked
with two insertions of a ry*-marked P element construct (Murphy
and Karpen 1995b). Transmission tests for dominant effects on
minichromosome inheritance were performed as described previ-
ously (Murphy and Karpen 1995a; Cook et al. 1997). Single,
heterozygous mutant females bearingg one copy of J2IA were
crossed to several C(I1;Y)1, y'; ry’? (X"Y) males; transmission
frequency was determined by counting ry* ( J2IA present) and ry~
(J21A absent) female progeny. The attached X-Y (X*Y) is utilized
to produce X / XY female progeny, such that the presence of an
extra Y suppresses the partial silencing of the ry* marker. Only vials
containing at least 30 progeny were included in this analysis.
Standard Student’s t-tests were used to compare mutant results with
y'; 1°% controls; P values of <0.05 were considered statistically
significant.



Cytological analysis

Females and males of the genotype mutation/GFP-marked balancer
were crossed to produce homozygous mutant, non-GFP larvae for
cytological analysis of neuroblast mitoses. The oldest developing
homozygous mutant larvae produced from each line were subse-
quently selected for dissection. Larval brains were dissected in
0.7% NaCl, fixed with 45% acetic acid for 30-60 s, squashed onto
slides, and frozen in liquid nitrogen. After coverslip removal,
chromosomes were stained with 1 pg/ml 4’,6-diamidino-2-phenyl-
indole and scored on a Zeiss Axiophot Epifluorescence Micro-
scope. Images were captured with a cooled CCD camera (Princeton
Instruments) and IP Lab Spectrum software (Scanalytics). In
addition to the above method, a subset of neuroblasts from some
lines were also prepared with a 5 min soak in 0.8% sodium citrate
after the dissection. The hypotonic swell is known to cause artificial
chromatid arm separation (Gatti et al. 1994) and this phenotype was
ignored in these neuroblasts. Mitotic figures from mutant larvae
were compared with y'; r°% control larvae. Since early instar
larvae have fewer mitotic figures than later stage larvae, random
sampling can lead to sample bias. Therefore, the entire brain was
analyzed for mitotic and anaphase figures. The mitotic index here is
defined as the total number of mitotic and anaphase figures divided
by an approximation of the total number of cells (calculated by
multiplying the average number of cells from five randomly
selected fields by the total number of fields scored). Standard
Student’s t-tests were used to determine the significance of
differences between mutants and controls. The fields were scored
at 100x magnification with a 1.25x optivar.

Results

A high proportion of previously identified Su(var)s
dominantly affect J2/A transmission

The minichromosome deletion derivative J2/A is trans-
mitted to only 28% of progeny as a monosome, compar-
ed with 50% transmission for a full-length Dpli187
minichromosome (Murphy and Karpen 1995b; Cook et al.
1997). The partial function of J2/A makes it an excellent
substrate for identifying genes that play a role in
chromosome inheritance, since a reduced level of a
protein required for inheritance may not affect the normal
complement of chromosomes, but may affect J2/A
transmission. Consequently, potential inheritance loci
can be identified by observing dominant effects of
heterozygous mutations on J2/A transmission. This ap-
proach also circumvents the recessive lethality associat-
ed with many loss-of-function mutations in inheritance
genes. Known inheritance mutations dominantly affect
J21A transmission, but do not dominantly alter the
transmission of minichromosomes with the entire genet-
ically defined centromere, or the normal complement of
chromosomes, demonstrating the sensitivity of J2/A
(Murphy and Karpen 1995a; Cook et al. 1997). The
J21A assay has also been used successfully to identify
new chromosome inheritance genes (Dobie et al. 2001).

We tested nine previously identified Su(var) mutations
representing five different loci (Reuter and Wolff 1981;
Wustmann et al. 1989; Eissenberg et al. 1992) for
dominant effects on J2/A minichromosome transmission
(see Materials and methods). We also tested the effect of
an extra Y chromosome, known to be a strong suppressor
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Table 1 The effects of previously identified Su(var)s on J2IA
transmission. (N, number of vials with >30 progeny)

Gene J21A transmission P value
(%+SD) N
Su(var)205’ 543 13 <0.01
Extra Y 8+5 10 <0.01
Su(var)2—10? 15+10 20 <0.01
Su(var)2—1 ] 14£13 16 <0.01
2-10 20+14 14 12
§Z§5§?ﬁ2_571 2(3):_:8 16 8.13
Su(var)2—1>~" 23+12 9 0.43
Su(var)2—48' 25+14 15 0.62
Su(var)2—1° 29+13 17 0.47
Su(var)2-5> 34+8 14 0.01

of many types of PEV (Spofford 1976). Three of the nine
Su(var) mutations and the extra Y chromosome reduced
transmission significantly (P <0.05, Table 1), while one
mutation increased transmission. Su(var)205' and the
extra Y chromosome displayed the most dramatic reduc-
tions of J21A transmission, to 5% and 8%, respectively.
Su(var)2—10 reduced transmission to 15%, and in-depth
analysis demonstrated that Su(var)2—10 affects chromo-
some condensation and nuclear organization (Hari et al.
2001). Thus, three out of five loci tested had at least one
allele that altered J2/A transmission significantly, sug-
gesting a general role for Su(var)s in chromosome
inheritance.

Nearly half of the Mod(var)s induced in an isogenic
background significantly affect J2/A transmission

Data from screening the previously identified Su(var)s
suggested that this class of mutations would provide a rich
source of genes involved in chromosome transmission.
However, genetic background in the form of additional
mutations induced on the parental chromosomes or
accumulated in the balanced stocks could be responsible
for the transmission phenotype. A large group of ethyl
methanesulfonate (EMS)-induced modifiers of TDA-PEV
(Donaldson and Karpen 1997; Donaldson et al. 2002) was
generated in the same isogenic y; ry genetic background
used for previous J2/A transmission screens (Cook et al.
1997). Most of the mutations affected multiple examples
of PEV (Donaldson et al. 2002). These mutations were
used to test the generality of Mod(var) effects on
inheritance.

Fifty modifiers of TDA-PEV, representing maximally
45 complementation groups (Donaldson et al. 2002), were
tested for dominant effects on J2/A transmission (Ta-
ble 2). The original y’; ry’% stock used for the EMS
screen was used as a control, and showed 27% transmis-
sion, as expected from previous studies. Twenty-three of
the 50 (46%) lines tested altered J2/A transmission
significantly. A majority of the modifiers analyzed were
Su(var)s. In total, 20 out of 45 Su(var) lines significantly
altered J2/A transmission. Seventeen of the 20 lines
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Table 2 Results of screening modifiers of position effect variega-
tion (PEV) in an isogenic background for J2/A transmission
effects. (E, Enhancer of variegation; N, number of vials with >30
progeny; S, Suppressor of variegation)

Line J21A transmission P value
(%=SD) N
Decreased transmission (18)
1038 7+4 14 <0.01
224 106 14 <0.01
1116 119 14 <0.01
1126 12+7 7 <0.01
1025 13+6 14 <0.01
1009¢ 13+8 12 <0.01
1474 14+8 12 <0.01
1453 14+6 13 <0.01
1447 14+8 11 <0.01
1539 1610 13 <0.01
1315 169 10 <0.01
234¢ 1610 14 <0.01
1260 17+6 9 <0.01
600 17+8 13 <0.01
1207¢ 19+7 15 <0.01
E1060° 20+5 10 <0.01
1200 19+7 11 0.01
242 21+7 15 0.02
Increased transmission (5)
1094 37+8 11 <0.01
1173 39+9 9 <0.01
1144 41+12 19 <0.01
E1178" 40+16 15 0.01
E1377 39+13 9 0.03
No effect (27)
258, 2E 25+10 322
Control
yl’. }"_)7506 27+7 19

Complementation groups:

41227 and 1545 (no effect), 1009 and 1207
Y E1060, E1178

€234, 1551 (no effect)

reduced transmission to 7-21%, representing decreases of
22-74% from the control transmission value of 27%.
Three lines increased transmission to 37—41%, showing
an increase of at least 50% from the control. Five
enhancers of TDA-PEV were also tested. Three of five
enhancers affected J2/A transmission significantly. One
line (E71060) reduced transmission weakly to 20%, while
two lines (E1178 and E1377) increased transmission to
39-40%. In total, 21 of 45 complementation groups tested
(47%) altered J21A transmission significantly.

Combining the results from the analyses of previously
identified Su(var)s and the isogenic collection of modi-
fiers of TDA-PEV, 27 of 59 Mod(var) mutations affected
J21A transmission significantly (Table 3). Twenty-four of
the 54 Su(var)s significantly altered J2/A transmission;
the vast majority of these mutations (20/23, or 87%)
decreased transmission. Of the three E(var) lines that
altered J2IA transmission, two increased transmission
while the other decreased it. One complementation group
[Su(var)2-5] is represented by both previously identified
and newly induced Mod(var) mutations, thus lowering the
total number of loci that affect J2/A transmission to 23 of
49. These results show that a large proportion of
Mod(var)s (23/49 loci, 47%) affect the inheritance of
the J2/A ‘sensitized” minichromosome.

Mitotic defects are observed in homozygous
lethal Mod(var) mutants

In previous studies, mutations in inheritance genes did not
have dominant effects on the transmission of minichro-
mosomes containing the entire genetically defined cen-
tromere (Cook et al. 1997); therefore, the Mod(var)s that
have dominant effects on J2/A transmission are unlikely
to have dominant effects on the transmission of the
normal complement of chromosomes. Nevertheless, the
Mod(var)s may have recessive effects on the inheritance
of normal, full-length chromosomes, which could lead to
aneuploidy and lethality. Therefore, we examined larval
neuroblasts from nine homozygous lethal Mod(var) mu-
tations (six complementation groups) that altered J2/A
transmission for cytological defects in chromosome
behavior.

Homozygous mutants for many of the lines had either
small brains and/or diminutive or missing imaginal discs,
phenotypes previously demonstrated to correlate with
mitotic defects (Gatti and Baker 1989). Larval brains
from lines 234, 1097, 1227, 1545, and 1552 displayed
significantly lower frequencies of cells in metaphase and
anaphase, in comparison with y’; ry°% controls and line
1259, which is homozygous viable and had no effect on
J21A transmission (Table 4). The low mitotic indices may
be due to cell cycle arrest in interphase, a prolonged
interphase, or decreased length of mitosis. The rare
metaphase nuclei in these lines had no obvious chromo-
somal abnormalities.

Table 3 Summary of effects of Su(var) and E(var) mutations on J2/A transmission

Lines tested

Complementation groups tested

Altered transmission Total % with effects  Altered transmission Total % with effects
Previously isolated 4 9 44 3 5 60
Su(var)s
New Su(var)s 20 45 44 19 41 46
New E(var)s 3 5 60 2 4 50
Total 27 59 46 24(23)* 50(49)* 48(47)*

* Alleles of Su(var)2—-5 are present among the previously isolated and new Su(var)s. Therefore, the total of 24/50 is reduced to 23/49
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Table 4 Homozygous lethal

: - 4 . arval st
mutations affecting J21A trans- Line Mitotic Index (x107) N P value Larval stage
mission display reduced mitotic ~ y!; 706 242 7 N/A Ist
index. (N, number of brains yl oy 3010 7 N/A 2nd
scored. See Materials and 234 6+4 5 0.03 2nd
methods for how mitotic index 7097 3+2 5 0.01 2nd
was calculated) 1227 4+4 5 0.03 2nd

1545 0 6 0.03 Ist

1552 5+3 5 0.01 2nd

1259 40+40 5 0.23 2nd

1126 3+3 4 0.67 Ist

Fig. 1A-D Metaphase figures
from homozygous lethal mu-
tants demonstrate effects on
chromosome behavior and
morphology. A Wild type. B, B/
Chromosome fusion phenotypes
associated with line 7/009. Note
chromosome ‘trains’ (B) and
‘rings’ (B'). C, C' Chromosome
fusion phenotypes associated
with line 71207. Arrows point to
telomere fusions. D, D’ Chro-
mosome overcondensation phe-
notype associated with line
E1060. Bar represents 2 um

Mitotic chromosomes from two other complementa-
tion groups displayed striking cytological defects (Fig. 1).
Telomere fusions were seen in second and third instar
larval neuroblasts from Su(var)1207, including interchro-
mosomal fusions of two or more chromosomes to form
large rings, intrachromosomal fusions to form small rings,
and multiple chromosomes fused to form linear ‘trains’.
Such fusions have been observed in homozygous mutant
larvae for Su(var)2-5 (Fanti et al. 1998), and for UbcD
(also known as effete, Cenci et al. 1997). 1207 and 1009
fail to complement Su(var)2—5% for viability and contain
nonsense mutations in the Su(var)2-5 open reading frame,
indicating that they are new 2-5 alleles (Donaldson et al.
2002). Analysis of third instar larval brains from ho-
mozygotes of the E(var) line E1060 revealed that mitotic
chromosomes were substantially shorter and more com-
pact than control chromosomes (Fig. 1). This overcon-
densed chromosome phenotype correlates well with the
‘tighter’ chromatin structure of genes silenced by PEV

(Wallrath and Elgin 1995), which is likely further
condensed by E(var) mutations.

Line 71126, which decreased J21A transmission to 12%
and is homozygous lethal, displayed a normal mitotic
index and no obvious cytological defects. This mutation
may not affect the activity of the gene enough to cause
abnormal behavior of full-length chromosomes, or the
defect may be too subtle to observe in cytological
analysis.

In summary, cytological examination of homozygous
lethal lines that disrupted J2/A transmission revealed that
mutations in five out of six complementation groups
caused visible chromosome defects represented by three
different phenotypes: low mitotic index, telomere fusions,
and overcondensed chromosomes. These results demon-
strate that mutations identified through dominant effects
on J2]A transmission also have recessive effects on the
inheritance of normal Drosophila chromosomes.
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Discussion

Here, we have analyzed 59 Mod(var) mutations for
dominant effects on chromosome inheritance, and dis-
covered that 47% of the loci tested had at least one allele
that significantly affected the transmission of the J2/A
‘sensitized’ minichromosome. The demonstration that a
particular locus or protein is responsible for the trans-
mission phenotype must await cloning of the gene and
phenotypic rescue by P element constructs. However, the
general conclusion that Mod(var)s are highly enriched for
genes involved in chromosome inheritance is sound.
Strong support for this comes from the observation that
only 2.6% of approximately 3000 randomly selected P
element insertions affected J2/A transmission (Dobie et
al. 2001); thus, Mod(var) s are enriched, perhaps as much
as 20-fold, for factors involved in inheritance. In addition
to pulling out known inheritance genes, cytological
characterization of the Dobie et al. mutants revealed that
they had mitotic defects, which further substantiates J2/A
as a legimate tool for identifying chromosome inheritance
factors. Finally, rescue experiments with the first of these
loci to be cloned, Su(var)2—10/dPIAS, demonstrated that
the dominant effect on J2/A transmission and condensa-
tion defects map to that locus (Hari et al. 2001).

The 59 mutations investigated here correspond max-
imally to 49 loci, based on lethal complementation
analysis (Donaldson et al. 2002). This is likely to be an
overestimate of the number of loci, since many mutations
are not homozygous lethal and cannot be definitively
tested for complementation. On the other hand, we may
be underestimating the proportion of Mod(var)s with
effects on inheritance, since some mutations in inherit-
ance genes may not reduce or alter protein function
enough to observe dominant effects on J2/A transmission.
For example, the Su(var)3-9 protein (Schotta et al. 2002)
is homologous to the histone H3 K9 methyltransferases
that play key roles in heterochromatin structure and
function (for review see Jenuwein and Allis 2001). Line
1699 contains a mutation in Su(var)3-9 and is the
strongest Su(var) isolated in our screen (Donaldson et
al. 2002), yet only reduced J2/A transmission to 22%. It
is likely that the absence of significant effects on J2/A
transmission result from redundancy in 3-9 function;
1699 and all other 3-9 alleles are homozygous viable.
Nonetheless, our results demonstrate that proteins affect-
ing heterochromatin function in Drosophila play a more
important role in inheritance than previously appreciated.

Cytological analyses revealed that neuroblasts from
homozygous mutant larvae displayed visible mitotic
defects in five out of six Mod(var) complementation
groups tested — specifically telomere fusions, overcon-
densation of full-length chromosomes and low mitotic
indices. These results suggest that these Mod(var)s are
bona fide chromosome inheritance mutations, and that
their effects are not specific to J2/A.

Several of the Mod(var) lines (234, 1097, 1227, 1545,
1552) had low mitotic indices, suggesting that the genes
may affect cell cycle progression directly or indirectly.

Defective chromosome inheritance may be the result of
altered cell cycle timing or inactivation of a cell cycle
checkpoint (for review see Clarke and Gimenez-Abian
2000). If mitosis is abbreviated, there may not be enough
time for the functionally impaired J2/A to assemble the
required segregation machinery and attach securely to the
spindle, although normal centromeres would be able to. In
a similar fashion, if the spindle attachment checkpoint is
defective (for review see Burke 2000), mitosis may not be
delayed enough to allow time for the J2/A to compensate
for its partial inheritance defects. Further analysis is
necessary to determine exactly how these mutations affect
cell cycle progression or timing, and the roles that
heterochromatin proteins play in these functions.

The telomere fusions observed in homozygotes of the
Su(var)2-5 mutant alleles /009 and /207 could cause
chromosome loss. Telomeres are thought to play a role in
nuclear organization (Gasser 2001; Hari et al. 2001) and
are important for chromosome inheritance in many
organisms (Nimmo et al. 1998; Cooper 2000). Fusions
of telomeres can result in dicentric chromosomes, which
are broken during anaphase (McClintock 1938). No
abnormal chromosomal fragments were seen in anaphases
from /009 and /207 homozygotes, suggesting that these
telomere fusions are weak enough to be resolved, as
observed previously for other HP1 alleles (Fanti et al.
1998). However, the fact that the telomeres undergo end-
to-end fusions indicates that the telomeres are not
functioning properly, and that defects in telomere func-
tion may cause lethality through mechanisms other than
chromosome breakage. For example, Su(var)2—10/dPTAS
mutations affect telomere-telomere clustering and telo-
mere-lamina interactions, which may be responsible for
the undercondensation and gene expression phenotypes
(Hari et al. 2001).

We also observed that some Mod(var)s affect general
chromosome structure. The overcondensation of whole
chromosomes observed in homozygous E7060 mutants is
consistent with the enhancement of PEV seen in E/060
heterozygotes. Gene silencing of euchromatic genes
placed in or near heterochromatin may be due to the
genes adopting a ‘closed’ or compacted, heterochromatin-
like structure, and E(var) loci may promote further such
‘heterochromatinization’. Su(var)2—10/dPIAS, which also
affects J21A transmission (Hari et al. 2001 and Table 1),
has the opposite effect: homozygous mutant neuroblasts
display undercondensed chromosomes, which also sup-
ports a correlation between effects on gene expression and
chromosome condensation. However, there was not a
strict correlation between the direction of the effects on
PEV and J2/A transmission; both E(var)s and Su(var)s
were observed to cause decreases and increases in J2/A
transmission. This is not surprising, since in most cases
we do not know what protein product and processes are
affected. In some cases, effects on gene expression could
be regulated differently from effects on inheritance.

The results presented here demonstrate that modifiers
of PEV are highly enriched for factors that affect the
inheritance of a minichromosome. Cytological evidence



along with previously published Mod(var) data suggest
that inheritance of the normal complement of chromo-
somes is also compromised. This further bolsters the idea
that these genes play a crucial role in a variety of
inheritance functions in a metazoan, as previously dem-
onstrated for S. pombe (Allshire et al. 1995; Bernard et al.
2001). It is quite likely that other Mod(var)s with effects
on chromosome inheritance will disrupt other chromo-
somal processes, such as meiotic pairing (Dernburg et al.
1996; Karpen et al. 1996) and NOD-mediated antipole-
ward forces (Murphy and Karpen 1995a). Indeed, a study
has recently been published demonstrating effects of
Mod(var)s on meiotic recombination (Westphal and
Reuter 2002). While some Mod(var) loci will likely
encode protein components of heterochromatin, others
will undoubtedly have indirect effects on heterochromatin
function and chromosome transmission. For example,
some Mod(var) mutations may alter the expression,
function or localization of chromosome inheritance pro-
teins. Still others may be involved in general aspects of
nuclear organization and function critical for normal
inheritance, as recently demonstrated for Su(var)2-10
(Hari et al. 2001). The unusually high percentage of
Mod(var)s that affect inheritance intriguingly suggests
that the primary function of heterochromatin is to regulate
chromosome inheritance and nuclear organization by
determining chromosome structure, and that PEV is a
secondary consequence of the chromatin structures re-
quired to carry out these functions. Further characteriza-
tion of these Mod(var)s will provide important insights
into inheritance mechanisms that involve heterochroma-
tin.
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